ICI 185,282 is a specific thromboxane receptor antagonist developed by ZENECA Pharmaceuticals for potential use in the treatment of inflammatory disease. During safety evaluation in dogs, multifocal granulomatous infiltrates occurred in multiple organs at high dose levels. These consisted predominantly of enlarged histiocytic cells. We report a 28-day investigative study in which Millipore filters overlaid with carbon were implanted subcutaneously. Histological assessment of the developing foreign body granulomatous tissue response and evaluation of in vitro migration of peripheral blood monocytes were performed. The development of epithelioid macrophages with altered behavior, modification of fibroplasia, and increased monocyte infiltration at the implant site resulted from administration of ICI 185,282. This was accompanied by enhanced migration of isolated peripheral blood monocytes in vitro. We believe that the granulomatous infiltrates that occurred during toxicological assessment in dogs may be a result of a drug-induced disturbance in macrophage response to concurrent subclinical inflammations or alteration in the normal disposition of tissue macrophages, i.e., they were a result of an atypical response to a concurrent stimulus for macrophage activity.
INTRODUCTION
Products of the arachidonic acid metabolism cascade are involved in a multitude of mediation and control mechanisms, particularly those affecting inflammation and associated cellular activities (10) .
In conjunction with a broad array of other mediators including interferon-y, interleukin (IL)-2, IL-4 (2), and myeloperoxidase (11) they are also implicated more specifically in the control of macrophage function (16) . Also, certain prostaglandins or arachidonic acid can inhibit macrophage activation induced by other agents probably by a process involving cyclic AMP; and lipoxygenation products, particularly leukotrienes, may be involved (4) .
Thromboxanes are products of the arachidonic acid metabolic cascade and a series of thromboxane receptor antagonists has been developed by ZE- NECA Pharmaceuticals for potential use in the treatment of inflammatory conditions. ICI 185,282 is one of these agents; a thromboxane A2 antagonist that is both specific and competitive with a long duration of action (3) and is devoid of thromboxane A2 agonist or prostaglandin E2 or 12 antagonist activity.
Drug-induced alterations in macrophage function are not commonly reported during toxicity studies although activation of macrophages has been proposed as a mechanism for the histiocytosis that occurs following administration of a dopaminergic compound FPL 65447 (9) . During the safety evaluation of ICI 185,282, macrophage aggregation and activation were seen in tissues from treated dogs. This paper describes those findings and those of an investigative study designed to characterize further the induced lesions. METHODS Two studies were conducted. Study I (Conducted as Part of the Safety Evaluation of the Compound) Twelve male and 12 female Alderley Park beagle dogs 35-55 wk old were allocated to a control and 3 dose groups; dosing phase (3 dogs/sex/group). They were dosed daily with 0, 5, 15, and 150 mg/kg/day ICI 185,282 in gelatin capsules and humanely sacrificed at 4 wk. A recovery phase was also included with 2 additional groups (3 dogs/sex/group) dosed with 0 or 150 mg/kg/day for 4 wk followed by a 6-wk undosed period (sacrificed at 10 wk). A necropsy was carried out on all animals following exanguination under deep pentobarbitone sodium anesthesia. A full list of tissues was sampled and processed by standard paraffin wax histology to hematoxylin and eosin slides for histological evaluation.
Study 2 (Investigative)
Carbon-coated Millipore filters were prepared for implantation by the following method: Sterile 13mm-diameter Millipore filters with a pore size of 0.22 ~m were placed on petri dishes previously coated with polytetrafluoroethylene to retard adhesion. Particulate carbon was prepared from Pelican ink, acetone being added until the colloid was destroyed and the carbon particles recovered by centrifugation. The carbon was washed in acetone several times before being dried in an oven. Carbon (10% w/v) was resuspended in 10 ml aqueous 20% gelatin at approximately 50°C. Approximately 0.2 ml of the hot gelatin mixture was pipetted onto each filter and left to gel in a refrigerator at 4°C.
Alderley Park Beagle dogs (3 males and 3 females) of approximately 6 mo of age were allocated to the study. During the 28 days of the study 2 male (Nos. 3 and 4) and 2 female (Nos. 5 and 6) animals (treatment group) were dosed daily with 75 mg/kg ICI 185,282 in gelatin capsules. One male (No. 1) and 1 female dog (No. 2) were also dosed with gelatin capsules without drug (control group).
Following local anesthesia (Lignocaine), 2 Millipore filter implants were introduced into the subcutis of each dog, prior to dosing on each of days 1, 7, 14, 21, 25, 27, and 28 of the study. Thus, at necropsy on day 29, filter implants were excised that had been introduced 1, 2, and 4 days and 1, 2, 3, and 4 wk previously. Implants were inserted in-line along each side of the dorsum from head to tail. Blood samples (a minimum of 20 ml for in vitro studies and 0.5 ml for blood parameters-EDTA tubes) were obtained by venipuncture from all dogs once prestudy and on days 7, 14, 21, and 28. All samples were collected from a jugular vein before feeding and dosing (or implantation).
A necropsy was carried out on all animals following exanguination under deep pentobarbitone sodium anesthesia. A full list of tissues was sampled and processed for histological examination. The implant sites were excised whole and fixed in Bouin's solution. They were subsequently cut into 4 pieces and processed by standard paraffin wax histology to hematoxylin and eosin-stained slides. Prior to fixation for light microscopy, thin (0.5-1 mm thick) slices were cut from 1 site/dog/time point and fixed by immersion in a solution of 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The samples from sites implanted 4 wk prior to sacrifice were subsequently processed by standard techniques for ultrastructural evaluation. Ultrathin (70-90 nm thick) sections stained with heavy metal salts were examined on a Philips CM 10 transmission electron microscope.
In Vitro Monocyte Migration Studies Monocyte Isolation. Peripheral blood monocytes were isolated from venous blood samples by a modified method of Ho and Babuik (6) . The blood was collected in tubes using EDTA as anticoagulant and diluted 1:1 with Earl's balanced salt solution supplemented with 1 % bovine serum albumin and 0.02% EDTA (EBSS). The blood mixture was carefully layered, to a height of 3 cm, onto a layer of Ficoll Paque, 2.4 cm high, in plastic 20-ml universal containers (Sterilin). Layered samples were immediately centrifuged at 400 x g and 20°C for 40 min.
After centrifugation mononuclear cells, enriched for monocytes, could be seen as a band at the Ficoll Paque/plasma interface. After discarding the plasma fraction the monocyte-enriched cells were removed and diluted to 3 volumes with EBSS and pelleted by centrifuging at 1,000 rpm for 10 min. The pellet was resuspended in fresh EBSS and the volume adjusted to give a cell density of 108 cell/ml. Migration Assay. Migration under agarose was assessed by a modified method of Nelson et al (12) . A 0.8% (w/v) solution of agarose (Sigma type V) in distilled water was mixed with an equal volume of double strength minimal essential medium (MEM, Gibco) containing 20% heat-inactivated dog serum. Approximately 15 ml of the agarose mixture was added to each of the required number of 100-mmdiameter tissue culture plates (Nunc), which were then allowed to solidify at 4°C for 1 hr. After setting, rows of 3 wells (3 mm diameter and 3 mm apart) were cut in the agarose.
To the central well of each row a volume of 10 >1 of monocyte-enriched suspension in MEM was added giving a cell density of 10~ cells per well. The wells flanking the central well were filled with either 10 jul of MEM, 40 nM tumor necrosis factor (TNF) in MEM, 10 nM n-formyl-methionyl-leukyl-phenylalanine (FMLP) in MEM, or ICI 185,282 at concentrations of 3, 30, or 300 ~g/ml. TNF and FMLP were included to serve as positive control agents known to increase monocyte migration (17, 18) . The plates were incubated at 37°C in a humidified atmosphere of 5% C02 and 95% air for 18 hr to allow cell migration to take place. After incubation, the cells were fixed by addition of approximately 10 ml of methanol : acetic acid {3:1 1 v/v) for 30 min, after which the primary fixative was replaced with 10% neutral buffered formalin (NBF) for a further 30 min. Following aspiration of the NBF, the agarose gel was removed, the cells were stained with hematoxylin-eosin, and the preparations were air dried.
The distances of migration were quantified by measurement of a projected image of the migration field.
RESULTS

Study 1
Granulomata were seen in the lungs of 2 dosing phase control animals and 2 dosed at 5 mg/kg/day, and in the submucosa of the colon of a recovery phase dog previously dosed at 150 mg/kg/day. All showed the typical appearance of lesions induced by the presence of ascarid worm larvae with focal accumulations of small and medium-sized macrophages and abundant lymphocytes and polymorphonuclear leukocytes including eosinophils. A central zone of necrosis was occasionally seen.
Only high-dose animals showed a variable incidence and severity of granulomatous infiltrates, which were of a distinctly different nature to those seen in untreated dogs. Two dogs (1 recovery phase female and 1 dosing phase male, 150 mg/kg/day) were killed early (2.5 and 3 wk) as a result of poor clinical condition. Both animals showed severe, multifocal, granulomatous infiltrates that had become a significant component of most tissues and organs. Infiltrates exhibited no specific organ predisposition, virtually all being affected in these severe cases. They were of a consistent microscopic appearance irrespective of site. However, some site specificity within organs was seen, e.g., the cortex of the kidney (Fig. 1 ) was more severely involved than the medulla or papilla. The predominant cell types of which the infiltrates consisted were medium-sized and large histiocytic cells with no distinct organization. However, a few polymorphonuclear leukocytes and occasional lymphocytes were seen. Most infiltrates were limited in spread and size, caused little discernible tissue degeneration or necrosis, and were located within or distended the interstitial spaces or sinusoids (Fig. 2 ).
Three of the remaining 5 high-dose dosing phase dogs also showed granulomatous infiltrates, but these were found in only a few organs, again with random organ predisposition (liver, nerve, skin, heart, salivary gland, etc.). The nature of the cellular infiltrates was identical, and the size of individual aggregates was comparable. No similar granulomatous infiltrates were found in tissues from the 2 remaining high-dose dogs, those surviving the recovery phase period, or from any animal dosed at 5 or 15 mg/ kg/day.
Study 2
The liver of 1 dosed female dog (No. 6) showed multiple, small, granulomatous infiltrates that were present within and distending sinusoids. This change was consistent with those induced changes observed during study 1, although less marked as a result of the lower dose level. No further changes were seen that were attributable to administration of drug, apart from those at the implant sites. Implant Evaluation: Control Animals (Nos. 7 and 2) . Acute exudative inflammation and early granulation tissue were observed in sites implanted 1 or 2 days prior to sacrifice. Some minor areas of suppuration were occasionally present. In sites implanted 4 days prior to sacrifice, aggregates of macrophages were present around the Millipore filter and carbon particles. At 1 wk a generally 1or 2-cellthick layer of small macrophages coated the filter surface and macrophage aggregates were also present around carbon clumps. Significant ingestion of carbon had occurred and an active fibroplasia was evident in adjacent tissues. In sites implanted 2 and 4 wk previously, the filter surface was enveloped by a 1or 2-cell-thick layer of small and medium-sized macrophages and some foreign-body giant cells, with a surrounding band of maturing fibrous tissue approximately half the width of the filter implant ( Fig.   3a ). Carbon particles and aggregates were also coated by a loose network of macrophages that had ingested and appeared to be in the process of ingesting carbon and fibrous tissue (Fig. 4a ). Other cellular infiltrates consisted mainly of small aggregates of monocytes and immature macrophages. Occasional foci of suppuration were seen with associated granulation tissue formation. Essentially, a similar acute exudative inflammation to the controls was seen in sites implanted 1 and 2 days prior to sacrifice. At 4 days, tissues from 1 male (No. 4) showed wider bands of enlarged macrophages around carbon aggregates by comparison with the controls. In sites implanted 1 wk prior to sacrifice, both males (Nos. 3 and 4) showed enlarged macrophages at the filter surface and in 1 (No. 4) these cells were more numerous, more interactive, and significantly larger. One female (No. 5) also showed enlarged macrophages at the filter surface although this was not as marked as in the males. Aggregates of carbon in tissues from these 3 dogs, especially the males, were enveloped by wide bands of epithelioid macrophages and in clear contrast to control implants had ingested little if any carbon. Also, by contrast to the control tissue response, adjacent fibroplasia appeared less pronounced and a greater infiltration by monocytes/immature macrophages was apparent. These differences in tissue response to the implantation of Millipore filter and particulate carbon became even clearer in sites im- tissues in male dogs showed reduced maturity by comparison with the controls and was not as expansive so that the fibrous capsule had not fully developed. Greater numbers of monocytes relative to the controls, often in large aggregates, were also present in adjacent tissues. Furthermore, small foci of suppuration that were occasionally present were also enveloped by bands of epithelioid cells.
Electron Microscopy
Filters from control dogs (Nos. 1 and 2) implanted 4 wk prior to sacrifice were enveloped by a single layer of adherent cells, which displayed the characteristics of macrophages. Numerous cytoplasmic processes had insinuated into the surface structure of the filter. Adjacent tissue consisted of macrophages, inflammatory cells, and fibroblasts which were responsible for collagen deposition in the intercellular space. This latter was relatively open and contained little matrix material other than some collagen. A few macrophages contained phagocytosed carbon particles while others displayed numerous lamellar surface projections, which occasionally made contact with similar cells at punctate tight junctions. Carbon aggregates from control animals were enveloped with a relatively thin ( 1-3 cells thick) capsule of tissue composed of macrophages that showed the features of active phagocytosis (Fig.  5a ). These cells often contained numerous carbonfilled phagosomes. Few fibroblasts and relatively little collagen were present in the intercellular space. Occasionally, some multinucleate giant cells were seen.
By contrast with filters from control dogs, those from animals treated with ICI 185,282 (Nos. 3 and 4) were invested with a much thicker and compact layer of tissue. The cell types making up this tissue were, in general, similar to those in the control tissue except that the intercellular space was much reduced by the presence of greater amounts of collagen and a substantial increase in intercellular interactions by macrophage lamellar processes. These interactions were characterized by increased proximity to one another of apposing lamellar processes. Some macrophages contained phagocytosed carbon particles.
The carbon aggregates obtained from treated animals were enveloped with a thicker capsule, which consisted of macrophages with many lamellar pro-cesses being closely apposed to one another and a greater number of active fibroblasts secreting collagen (Fig. 5b ). Some macrophages contained carbon while the majority contained none: These latter appeared to contain an increased amount of rough endoplasmic reticulum (RER) and may represent the epithelioid transformation of monocytes/macrophages. However, 1 feature of these cells that may contribute to their diagnosis as epithelioid, namely, pinocytotic activity was not seen.
Effects on In Vitro Monocyte Migration
The results of the studies of in vitro migration of peripheral blood monocytes (PBM), obtained at the indicated time points, are shown in Fig. 6 . The histograms represent the mean migration units (measures of migration) of cells from control and dosed animals exposed in vitro to FMLP, TNF, ICI 185,282, or culture media. The cells derived from treated animals frequently displayed a denser migration pattern by comparison with cells from control animals (Fig. 7 ), suggesting migration of a greater number of cells.
No increase in migration distance was noted for cells exposed in vitro to ICI 185,282 when compared to cells exposed to control media. This was true irrespective of obtaining PBM from control dogs or those dosed with 75 mg/kg/day ICI 185,282. Expected in vitro responses to FMLP and TNF, although present, were less clearly defined due to unobtainable data points early in the study and the variability of responsiveness between individual animals. Both the male and female control animals showed a small increase in migration distance toward the end of the 1-mo in vivo phase of the study. However, this may be due to immune activation resulting from the implantation procedures. Statistical analysis was performed by t-test comparison of mean migratory distances. For each in vitro treatment, at each sample time point, the migration distance of PBM taken from control animals was compared to the corresponding treatment and time point migration distance of PBM from animals dosed with ICI 185,282. After 14 days of in vivo dosing the in vitro migration of PBM from dosed animals was greater than that from control animals; from 21 days the increase was approximately 3-fold.
There was no effect of in vitro treatment on this observation. 6. -Histograms showing the migration of isolated PBM taken at different time points during the course of Study 2 and exposed in vitro to media, chemoactive agents, or various concentrations of ICI 185,282. A * indicates that the migration distance is statistically greater than the migration distance of the control PBM at the corresponding time and treatment point. Control animals 1 and 2; dosed animals 3-6.
DISCUSSION
The oral administration of ICI 185,282 to dogs during Study 1 at 150 mg/kg/day resulted in granulomatous infiltrates at multiple sites. No clear organ specificity was apparent. Indeed, in some animals such infiltrates had become a significant component of the parenchyma of numerous organs. A number of possible mechanisms may be associated with this phenomenon: infiltrates may have formed as a result of direct tissue toxicity, as a result of deposition of compound or metabolite at multiple sites, or as a result of a functional change in the response of macrophages or macrophage precursors.
No clear direct cellular toxicity was noted during Study 1, and at no time was deposition of material noted following assessment of the granulomatous infiltrates. The investigative study was performed in order to examine the possibility that the origin of these changes was associated with a modification of monocyte or macrophage function.
In Study 2, 3 of the 4 dogs dosed with ICI 18 5,282 showed a significantly different tissue response to the subcutaneously implanted Millipore filters and carbon to that occurring in the 2 control animals. Macrophages within the lesions formed significantly larger and more compact aggregates of cells in close apposition. The ultrastructural morphology of the component cells also contrasted with those from control tissues, where macrophages were typical. The cells from implant sites of dosed dogs showed the features of epithelioid cells as described by others (5, 15) , including cytoplasmic and nuclear enlargement, increased RER, elaborate and complex intercellular interdigitations of the plasma membranes of contiguous cells, and dramatic reduction in phagocytic activity. Monocyte infiltration of tissues in some dosed dogs appeared increased in severity and some reduction in maturity of fibrous tissue formation was seen over the 4-wk implantation period.
The etiology of the changes in behavior of monocytes and macrophages and other modifications to inflammatory tissue response is unclear. Macrophages are major cellular mediators of immunity at FIG. 7.-Migration photograph comparing control (a) and test (b). Monocytes from treated animals not only displayed increased mean migration distance but frequently produced a considerably denser migratory pattern (as shown), when compared to monocytes from control animals. the effector level and they are modulated by cytokines that affect metabolic and functional activities (2, 7) . Although many cytokines are secreted by T cells some are secreted by macrophages acting as autocrine regulators of macrophage activities, and still others are secreted by monocytes (11) . Factors secreted by macrophages and epithelioid cells can modify immune responses (13) and play a critical role in the development of granulomas and associated fibroplasia (8) . Also, macrophage chemotactic factor, macrophage migration inhibitory factor, or other agents that modify cellular activity and are secreted by macrophages or epithelioid cells at the site of granulomatous inflammation (14) may be responsible for enhanced migration of monocytes into the lesions.
Elias and Epstein (5) have proposed that epithelioid cells arise directly from monocytes rather than passing through a typical macrophage-cell stage. Exposure of macrophage precursors to certain cytokines results in different pathways of development, resulting in populations of macrophages with distinct functional capabilities (13) .
The unequivocal changes in behavior of macrophages at the site of implantation and the increased monocyte infiltration was accompanied by effects on in vitro migration of PBM isolated from dosed dogs. PBM from dogs exposed to ICI 185,282 dis-played enhanced migration by comparison with those from control animals. The density of migration of PBM from the treated animals was also usually much greater than that observed with the controls. Factors secreted by the component cells, particularly the transformed epithelioid cells at the site of implantation, may also have contributed to PBM stimulation.
As noted in the Introduction, products of the arachidonic acid cascade are significantly involved with inflammatory cell regulation (10) . It would seem possible that the administration of ICI 185,282, a potent thromboxane receptor antagonist, disturbs the mediation of inflammatory cell, especially macrophage, regulation through a direct or indirect perturbation of the fine balance of the arachidonic acid cascade. However, comparable changes have been reported following administration of a dopaminergic agent (9) .
Our findings do support the concept that the formation of ICI 185,282-induced granulomatous infiltrates within tissues is associated with altered behavior of cells of the monocyte/macrophage lineage. Certainly, PBM activation was induced as demonstrated by enhanced in vitro migration, and macrophages in foreign-body granulomas, in contrast to those in undosed dogs, displayed epithelioid morphology.
In both studies severity of effects varied significantly between dogs, indicating an idiosyncratic component to the response. Also, the investigative study showed that macrophage response to a specific inflammatory stimulus is changed, in this case the implantation of a foreign body. Therefore, the disposition and magnitude of granulomatous infiltrates in dogs during Study 1 may be related to concurrent subclinical inflammations, normal apoptotic processes and the normal disposition of tissue macrophages ; persistent, drug-induced disturbance of the appropriate mediator may result in a heightened response to preexisting spontaneous tissue inflammation.
In conclusion, our results show that the administration of ICI 185,282 to some dogs at high-dose levels results in an enhanced monocyte and macrophage response to an inflammatory stimulus, and modification of other elements of the tissue reaction.
We describe lesions as granulomatous infiltrates because they present an appearance of generally focal or less commonly more diffuse inflammatory infiltrates consisting predominantly of altered macrophages with an admixture of other inflammatory cells; this being consistent with the general use of the term granuloma (1) . However, we propose that they may have arisen as a result of an atypical or enhanced response to some other concurrent, and possibly spontaneous, macrophage stimulus.
